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San Francisco, California
Nuclear magnetic resonance (NMR) imaging is anew,
noninvasive approach for imaging the cardiovascular
system. Being a three-dimensional technique, NMR im-
aging has the capability of measuring volumes without
the need for assumptions regarding ventricular geome-
try. In this study, the technique was validated in 19
excised dog hearts, filled with silicone-rubber, imaged
using a multislice spin-echo sequence. The volume of the
cavity in each slice was calculated from the number of
pixels outlined for each slice multiplied by the pixel vol-
ume. Ventricular volumes measured by NMR imaging
were highly correlated with cast volumes measured by
water displacement: right ventricle (RV): RVNMR =1.05
RVea. ! - 1.62; r = 0.99, SEE = 0.96 ml; left ventricle
(LV): LVNMR = 0.98 LVea. ! + 0.35, r = 0.98, SEE =
1.48 ml,
After validation in casts, NMR imaging volumes were
measured in eight living dogs using a multiphasic gated
technique to obtain images at 5, 105, 205, 305 and 405
ms after the QRS complex. Cardiac output (CO) and
stroke volume (SV) measured by NMR imaging were
significantly correlated with thermodilution (TD) mea-
Heart disease caused by loss of functional myocardium,
valvular regurgitation or shunting frequently causes dilation
of either or both ventricles. In patients with this condition,
information of clinical relevance can be derived from mea-
suring ventricular volumes, Furthermore, important vari-
ables of cardiac function such as stroke volume, cardiac
output and ejection fraction can be calculated when ven-
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surements (CONMR = 0.63 COTD + 0.51 liters/min; r
= 0.78, SEE = 0.57 liters/min; SVNMR = 0.67 SVTD +
1.95 ml; SEE = 5.58 ml). Right and left stroke volumes
were closely related (LVSVNMR =0.9 RVSVNMR + 1.75;
r =0.94, SEE =4.32 ml), with the slope and intercept
of the regression line showing no difference from 1 and
0, respectively. However, volumes determined by NMR
imaging underestimated the thermodilution measure-
ments, presumably reflecting the inability to obtain a
true systolic image with the present sampling rate.
NMR imaging is potentially a very accurate technique
for measuring ventricular volumes independently from
geometric assumptions. Because right and left ventric-
ular stroke volumes were equivalent, detection of re-
gurgitant or shunt lesions resulting in stroke volume
ratios that exceed 1.2 to 1.3 may be possible. Exact
measurement of stroke volume, cardiac output and ejec-
tion fraction will require acquisition of a larger number
of images per cardiac cycle so that true end-systolic vol-
ume can be imaged.
(J Am Coli CardioI1987;lO:170-7)
tricular volumes at end-diastole and end-systole are known.
Nuclear magnetic resonance (NMR) imaging is a new non-
invasive technique for imaging of the cardiovascular system
(1). A potential advantage of NMR imaging is the ability
to measure volumes without the need for assumptions re-
garding ventricular geometry. In this study we used NMR
imaging to measure ventricular volumes in the dog. We first
validated the technique using casts, then applied our findings
to the living animal.
Methods
Measurement of Ventricular Volumes in Casts
Cast preparation. Ventricular volumes were measured
in 19 dog hearts harvested within 1 hour of death. The atria
were removed and the ventricles carefully cleaned of intra-
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cavitary clots. The mitral and tricuspid valves were then
sewn and the heart was suspended in physiologic saline
solution. A silicone-rubber mixture (Dow Coming RTV
Encapsulant 3110) was used to fill both ventricles. After
solidification (24 hours), the aorta, pulmonary artery and
hardened cast were trimmed at valve level. The hearts were
fixed in 10% formalin and kept for imaging at a convenient
time.
Imaging procedure. Imaging was performed in a small
coil with an internal diameter of 15 em using a supercon-
ducting magnet (Diasonic Inc.) operating at a field strength
of 0.35 tesla and a resonance frequency for hydrogen of IS
MHz (2). The image sequence was spin-echo with a delay
(TE) of 30 ms and repetition rate (TR) of 0.5 second. Slice
thickness was 10 mm with no interslice gap. The hearts
were positioned in the coil in approximately the same po-
sition as they were originally in the chest and imaged in the
transverse plane. After imaging, the heart muscle was care-
fully peeled off the hardened cast by blunt dissection. The
casts were weighed and their volume was measured by water
displacement. True volume represented a mean of at least
four measurements for the same cast.
Edge detection. Endocardial borders of both ventricles
were identified using a computer-assisted thresholding method
for edge detection. Mean myocardial and cavity intensity
were determined for each slice using an operator-defined
region of interest. A minimum of 60 pixels were used for
the left and 20 pixels for the right ventricle, allowing for
the thinner wall of the right ventricle. The endocardial edge
of the right and left ventricles was defined as pixels with
the intensity (I) numbers of
lEdge = ICavity + (IMyocardlUm - ICavity) X Threshold,
where threshold = fixed percent threshold value. Because
edge definition may be critical for the accuracy of volume
measurements, volumes were determined for threshold val-
ues of 40, 50, 65 and 80%.
To clearly visualize the endocardial edge at each spec-
ified threshold, images were displayed magnified fivefold
on the computer screen without pixel interpolation, so that
individual pixels would be distinguished. By adjusting the
display level and window, pixels with intensities below the
threshold value were displayed as black and all pixels with
intensities above the threshold value were displayed as white
(Fig. I). The ventricular cavities were outlined following
the clearly visible pixel edges with a track ball-controlled
cursor, because the computer program did not permit au-
tomatic calculation of the area outlined by the edge detection
step.
The cardiac valves and their pixel coordinates on the
screen were identified on the original images and the ven-
tricular cavity was closed by linking the insertion points of
Figure 1. A, NMR imaging (inter-
polated display) of a dog heart filled
with silicone rubber. The most cranial
slice (upper panel, upper left) shows
the right ventricularinfundibulararea.
As imaging progresses caudally, the
right ventricular (RV) body is imaged
and then the left ventricle (LV) down
totheapical myocardium (lower panel,
lower right), where no cavity is ap-
parent. B, NMR image of the same
cast, displayedusing the originallyac-
quired picture elements without inter-
polation between pixels. Pixels with
intensitiesbelow the chosen threshold
levelare black, whereas all pixelswith
intensities above the threshold value
are white. This display allows repro-
ducible discrimination of the endo-
cardial border.
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Figure 2. Transverse gated images through a canine heart (echo
delay [TEl = 30 ms). A, Mitral valve leaflets (arrows) are well
visualized on this systolic image. B, The abrupt change in thickness
between the right ventricular and right atrial walls can be seen at
the insertion points of the tricuspid valve leaflets (small arrows).
The rounded area in the image center (curved arrow) was in-
cluded in the left ventricular volumes because it was partially
surrounded by left ventricular myocardium. C, One level higher,
the rounded area in the center (curved arrow) was assumed to
represent aorta. D, Right ventricular outflow tract and pulmonary
artery. The pulmonary valve is barely visible (arrow) . However,
the transition from the right ventricle to the pulmonary artery is
marked by absence of myocardium in the pulmonary artery.
the valves (Fig. 2). The volume of the cavity in each slice
was calculated from the number of pixels outlined for each
slice multiplied by the pixel volume as determined from
phantom measurements. Summation of the cavity volume
for all slices provided the total volume of each ventricle .
Measurement of Ventricular Volumes in the
Living Dog
Experimental preparation. Cardiac output and stroke
volume were measured by both NMR imaging and ther-
modilution in eight dogs . Three of the dogs had been re-
ceiving doxorubicin hydrochloride (Adriamycin) as part of
another protocol (mean dose 9.5 mg/kg body weight) and
showed evidence of mild cardiomyopathy . The other five
dogs were healthy . The dogs were premedicated with dro-
peridol (Innovar-Vet) (0.1 ml/kg) , then anesthetized with
sodium pentobarbital intravenously titrated to maintain light
anesthesia . Cardiac output was measured using an Edwards
Laboratories model 9520A cardiac output computer and a
5F or 7F thermodilution catheter (American Edwards Lab-
oratories) advanced to the pulmonary artery by way of a
femoral vein (3) . Thermodilution cardiac output represented
the mean of four measurements. The stroke volume was
calculated as cardiac output divided by heart rate. The ther-
modilution catheter was then withdrawn. Transverse images
of the heart were obtained with the anesthetized dog held
in a cradle in the supine position using a multislice, mul-
tiphasic gated technique (4-6).
Imaging procedure. The imaging sequence was spin-
echo with an echo delay (TE) of 30 ms and repetition rate
(TR) determined by the dog's heart rate . With the multislice
NMR imaging technique the first of five tomograms (slices)
was initiated 5 ms after the QRS complex of the electro-
cardiogram (ECG). Each slice on a multislice sequence was
imaged 100 ms later in the cardiac cycle; thus second, third,
fourth and fifth anatomic levels proceeding from cranial to
caudal were initiated 105, 205 , 305 and 405 ms, respec-
tively , after the QRS complex. In the multiphasic gated
sequence this procedure was repeated four times, with in-
terchange of times among the five anatomic levels such that
each slice is imaged at five phases ofthe cardiac cycle (4-6).
The image initiated 5 ms after the QRS complex represented
end-diastole, whereas the image showing the smallest ven-
tricular area (usually initiated 205 ms after the QRS com-
plex) was taken as being end-systole. Example of a set of
end-diastolic and end-systolic images in the same dog is
shown in Figures 3A and 4A.
Calculation of ventricular volumes and cardiac out-
put. End-diastolic and end-systolic volumes were calcu-
lated from the appropriate images as previously described
(Figs. 3B and 4B). In the presence of an occasional intra-
cavitary flow signal , however, it was not possible to rely
solely on the computer-defined endocardial edge. In these
instances, the endocardial border was visually defined by
the operator, using the original image . Stroke volume was
calculated as end-diastolic minus end-systolic volume and
cardiac output as stroke volume x heart rate. The time
required for data acquisition was approximately 35 minutes,
depending on the dog 's heart rate. The interval between
measurement of cardiac output by thermodilution and com-
pletion of NMR imaging was approximately 90 minutes .
Cardiac output measurements by thermodilution were re-
peated after completion of imaging in four dogs to estimate
the variability in cardiac output that might have occurred
during the imaging time in anesthetized dogs (7,8).
Statistics. Linear regression analysis was used to com-
pare ventricular volume data obtained by different tech-
niques or by different observers. An F test was used to
determine whether the slope and intercept of the regression
line were different from I and 0, respectively. The paired
t test was used to compare values obtained in the same dog
at different times . Interobserver and intraobserver differ-
ences were expressed as mean percent errors (first obser-
vation - second observation/average of both observations).
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Figure 3. A, Rotating gated NMR imaging sequence obtained at
end-diastole, Images shown star! above the heart level (upper left)
and progress caudally to the left ventricular (LV) apex (lower
right), Ao = ascending aorta; LA = left atrium; RA = right
atrium; RV = right ventricle, B, Same as A after thresholding
step,
Results
Correlation between cast and NMR imaging volumes
(Table 1, Fig. 5). True cast volumes ranged between 10.2
to 42.8 ml for the right ventricle (mean 24,3 ± 8.4) and
from 10.7 to 32.9 ml (mean 21.3 ± 6.4) for the left ven-
tricle. NMR imaging measurements employing fixed percent
threshold values of 40, 50, 65 and 80% were correlated
Figure 4. A, Rotating gated sequence obtained during systole in
the same animal as in Figure 3, The sequence was initiated 205
ms after the QRS complex and showed the smallest cavity size.
PA = pulmonary artery, Other abbreviations as in Figure 3, B,
Same as A after thresholding step,
significantly with true cast volumes (Table 1). The best
correlation was obtained with a threshold value of 50%:
NMR right ventricular volume (ml) = 1.05 x right ven-
tricular cast volume - 1.62 (r = 0,99, SEE = 1.02, P <
0,0l) (Fig, 5); left ventricular NMR volume (ml) = 0,98
x left ventricular cast volume + 0.35 (r = 0.98, SEE =
1.48, P < 0,01), Intraobserver difference was I.0% for the
right ventricle (r = 0.99) and 0.6% for the left ventricular
174 MARKIEWICZ ET AL.
VENTRICULAR VOLUMES BY NMR
JACC Vol. 10. No. I
July 1987:170-7
50




10 20 30 40 50
RV cast volume (ml)
Figure 5. Plot of the right ventricular (RV) volume measured by
nuclear magnetic resonance imaging (MRI) as a function of right
ventricular cast volume measured by water displacement.
NMR measurement (r = 0.99). Interobserver difference
was 1.3% for the right ventricle (r = 0.99) and 0.8% for
the left ventricle (r = 0.99).
Correlation between NMR imaging and thermodilu-
tion volume measurements (Table 2, Fig. 6 and 7). After
our results in casts were obtained we used a percent thresh-
old value of 50% to detect the endocardial border and to
measure volumes in the beating heart. NMR imaging de-
termined right ventricular output tended to underestimate
the thermodilution cardiac output: NMR right ventricular
output (liters/min) = 0.63 x thermodilution output + 0.51
(r = 0.78, SEE = 0.57, P < 0.05). A similar correlation
was noted between the NMR left ventricular output and
thermodilution output. Stroke volume measured by NMR
imaging also underestimated the thermodilution measure-
ment: NMR right ventricular stroke volume (m!) = 0.67
x thermodilution stroke volume + 1.95 (r = 0.90, SEE
= 5.58, P < 0.01) (Fig. 6). There was a highly significant
correlation between right and left ventricular stroke volume:
left ventricular stroke volume (ml) = 0.9 x right ventric-
ular stroke volume + 1.75 (r = 0.94, SEE = 4.32, P <
0.01) (Fig. 7). The slope and intercept values did not differ
significantly from I and 0, respectively.
Intraobserver differences for right and left ventricular
measurements were similar and the results for both ventri-
cles were pooled. Intraobserver difference was 1.9% for
end-diastolic volume, 1.9% for end-systolic volume and
3.4% for stroke volume, with r values of 0.99, 0.99 and
0.98, respectively. Interobserver differences for the same
variables were 1.9, 3.7 and 2.3%, respectively, with r values
of 0.99.
Mean heart rate in the eight dogs was 96.0 ± 36.2
beats/min during the preimaging thermodilution measure-
ment and 108.5 ± 33.8 beats/min during imaging (p =
NS). Although the heart rate during the postimaging ther-
modilution measurement was significantly higher than that
during the preimaging thermodilution measurement in four
dogs (126.0 ± 16.2 versus 78.5 ± 9.0 beats/min, p <
0.05), values for pre- and postimaging cardiac output ob-
tained by thermodilution in four dogs were similar (3.12 ±
0.74 versus 3.17 ± 0.45 liters/min, p = NS). Because
heart rate was elevated, the postimaging stroke volume was
markedly smaller than the preimaging value (25.3 ± 3.1
versus 40.1 ± 10.4 ml, 0.05 < P < 0.10).
Discussion
Comparison with otber techniques. Ventricular vol-
umes have been measured using a variety of approaches.
Echocardiography is truly noninvasive, is frequently used
to quantify the left ventricular cavity and, is reasonably
accurate when measuring normally shaped left ventricles
(9). However, all formulas used to measure left ventricular
volume by echocardiography are based on assumptions con-
Table 1. Correlation Between Nuclear Magnetic Resonance Imaging Ventricular Volume and
True Cast Volume in 19 Patients
Intercept SEE
Percent Threshold Value Slope (ml) (ml) r Value p Value
Right ventricle
40 0.95 -1.29 1.44 0.985 0.01
50 1.05 -1.62 0.96 0.995 0.01
65 1.15 -0.44 1.75 0.985 0.01
80 1.30 -0.26 1.69 0.989 0.01
Left ventricle
40 0.93 -0.24 1.52 0.971 0.01
50 0.98 0.35 1.40 0.976 0.01
65 1.08 1.08 2.04 0.962 0.01
80 1.17 2.20 2.02 0.968 0.01
Numbers given refer to the following general equation: nuclear magnetic resonance imaging volume mea-
surements (at different percent threshold values foredge detection) = a + b x true cast volume.
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Table 2. Correlation Between Nuclear Magnetic Resonance Imaging and Thermodilution
Cardiac Output and Stroke Volume Measurements in Eight Patients
Slope Intercept SEE r Value p Value
Cardiac output
(liters/min)
Right ventricle 0.63 0.51 0.57 0.780 0.05
Left ventricle 0.58 058 0.62 0.727 0.05
Stroke volume
(ml)
Right ventricle 0.67 1,}5 5.58 0.902 0.01
Left ventricle 0.66 167 4.47 0.932 0.01
Numbers given refer to the following general equation: nuclear magnetic resonance imaging cardiac output
(or stroke volume) = a + b x thermodilution cardiac output (or stroke volume)
ceming the geometric shape of the cavity, Therefore, dis-
tortion of the cavity shape (a frequent occurrence in clinical
practice) may introduce inaccuracy or require the use of
more planes of imaging than are clinically practicable, Fur-
thermore, problems related to lateral resolution of the beam
or to chest configuration prevent accurate measurement of
left ventricular volume by echocardiography in many pa-
tients, The complex crescentic shape of the heavily trabe-
culated right ventricle is not conducive to the routine use
of echocardiography for measuring right ventricular vol-
umes (9). However, a recent experimental study (10) has
indicated the practical feasibility of right ventricular volume
measurement by ultrasonography, Cineangiography, iso-
topic angiography and cine-computed tomography have been
used to measure right and left ventricular volumes but are
invasive approaches and involve ionizing radiations or the
use of contrast medium, or both.
Nuclear magnetic resonance (NMR) imaging is anew.
totally noninvasive technique used with increasing fre-
quency for imaging the cardiovascular system (I), No ion-
izing radiation is involved and contrast medium is not re-
quired. Stratemeier et al. (II) used NMR imaging to measure
left ventricular volume in the human using the area-length
method. However, because it is a three-dimensional tech-
nique, NMR imaging has the potential of measuring ven-
tricular volumes independent of geometric assumptions, a
potentially important advantage in patients with heart dis-
ease,
Cast study and edge detection. In the first part of this
study, we validated our NMR-generated volume measure-
ments of silicone rubber-filled hearts against the true cast
volume, The endocardial edge of both ventricles was clearly
visualized on NMR images because of the sharp contrast
between the medium intensity image of the formalin-fixed
myocardium and the low intensity image of the silicone
rubber-filled cavity, However, in spite of this clear visu-
alization there was a transition zone of pixels of increasing
intensity between cavity and muscle, evident when a cursor
Figure 6. Plot of theright ventricular stroke volume measured by
nuclear magnetic resonance imaging (MRI) as a function of stroke
volume measured by thermodilution.
Figure 7. Plot of theleftventricular (LV) stroke volume measured
by nuclear magnetic resonance (NMR) imaging as a function of
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was slowly moved from cavity to myocardium. This tran-
sition zone results from the irregularity of the endocardial
surface and partial volume averaging effects. Outlining the
apparent ventricular cavity as displayed on the monitor screen
may be misleading because the image intensity on the mon-
itor (and therefore the apparent endocardial border) can be
manipulated by the operator independently from changes in
true pixel intensity.
To standardize endocardial edge detection, we defined
the cavity-myocardium interface at a given level of pixel
intensity for each ventricle on each slice. This threshold
was proportional to the relative pixel intensity of cavity and
myocardium and therefore independent of operator-con-
trolled changes in image intensity. The best correlation be-
tween true cast volume and NMR imaging-measured volume
was obtained when the threshold value was 50%, that is,
when the endocardial border intensity (I) was set at an in-
tensity of
lEdge = (lCavity + IMyocardium) X 50%.
The 50% threshold value was best for both the right and
the left ventricle. Using this technique to draw the endo-
cardial border, we found that ventricular volumes measured
by NMR imaging were highly predictive of true cavity vol-
ume in the nonbeating dog heart, over a wide range of
volumes. Volume measurements by NMR imaging were
previously reported to be highly accurate in left ventricular
human casts (12).
Limitations of in vivo study. In the second part of this
study, we correlated the measurements of cardiac volumes
obtained by NMR imaging and thermodilution. On the basis
of our results in vitro, we also used a threshold value of
50% for definition of the endocardial edge. Images at end-
diastole and end-systole were generated using the rotating
gated technique (4-6). We found a high correlation (r =
0.94) between right and left ventricular stroke volumes with
a regression line close to the line of identity. However,
measurements of stroke volume and cardiac output by NMR
imaging underestimated thermodilution measurements. The
reasons for this discrepancy are not clear but could be telated
to one or more of the following problems associated with
our study.
1) The "end-systolic" volume used to calculate stroke
volume might not represent the smallest systolic volume.
This source of error was probably present, because our
present rotating technique has a relatively low sampling rate
of one image every 100 ms. Thus, the apparent end-systolic
image could be separated from true end-systole by as much
as 49 ms. The rate of change in systolic volume is rapid
during the first half of systole, with over two-thirds of the
stroke volume leaving the heart during the first phase of
systole (13,14). Ejection is slow during the second phase
of systole and absent during the subsequent isovolumic re-
laxation period. Thus, when the heart rate is slow, the Iike-
Iihood is high that the NMR imaging end-systolic image
will fall randomly within the slow ejection period or within
the isovolumic relaxation period and therefore be similar to
or slightly lower than true end-systolic volume. With a faster
heart rate (such as that usually noted in the pentobarbital-
anesthetized dog), the total systolic time is reduced, in-
creasing the likelihood that the end-systolic volume mea-
sured by NMR imaging will significantly overestimate true
end-systolic volume.
2) Cardiac output measurements by NMR imaging and
thermodilution were not simultaneous. A time difference of
> 1 hour occurred between thermodilution measurements
and the end of the NMR study because of the necessity to
perform thermodilution measurements outside of the mag-
netic field and the time required for image acquisition. Fur-
thermore, many of our dogs required additional doses of
pentobarbital just before or during imaging. As a result of
prolonged barbiturate anesthesia (7,8) our dogs showed a
marked increase in heart rate and decrease in stroke volume
as the experiment proceeded even though cardiac output
remained stable.
3) Image quality was excellent when imaging the dog
heart in vitro but poorer in the beating heart. We also noted
a generally decreased quality of images in the beating dog
heart when compared with that of gated rotating images
obtained in patients with or without heart disease (5,6,14).
Motion artifacts are to be expected in the more rapidly
beating, smaller heart of the anesthetized dog, resulting in
less optimal endocardial definition. The presence of an in-
tracavitary flow signal sometimes precluded the use of the
computer-defined edge. Although it was usually possible to
distinguish between flow signal and myocardium in the orig-
inal image, underestimation of the thermodilution stroke
volume may have resulted from inclusion of flow signal into
the myocardium in diastolic images. Flow signal might cause
considerable difficulties with edge detection in hearts with
regional or global wall motion abnormalities. Furthermore,
we observed that valvular planes were occasionally difficult
to localize in the beating dog heart, whereas no such problem
is encountered in the adult human. Despite this difficulty
with image quality, reproducibility of measurements was
excellent in vitro and in vivo.
Another potential limitation was the use of an imaging
plane transverse to the long axis of the body and oblique
to the intrinsic axes of the left ventricle. This approach may
introduce additional partial volume effects. However, partial
volume problems are unavoidable with cross-sectional im-
aging techniques and were minimized by the use of an edge-
defining algorithm.
Possible applications of NMR volume measurements.
Thus, with standard technology, gated NMR imaging pro-
vides an estimate rather than a precise measurement of stroke
volume, ejection fraction and cardiac output. With the ad-
vent of a new generation of imagers using shorter repetition
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times, larger numbers of images can be obtained for each
cardiac cycle (15). Imaging at true end-systole should be
possible, even when heart rate is fast. If these predictions
are confirmed, NMR imaging could provide accurate mea-
surements of right and left ventricular volumes in man.
Our study shows that in normal dogs, right and left ven-
tricular stroke volumes, tli.ough lower than thermodilution
measurements, wereapproximately equivalent (SEE = 4.32
ml with a mean stroke volume of 21.4 ml). This finding
suggests that valvular regurgitation and shunts that cause
differences of more than 20 to 30% between right and left
ventricular stroke volumes could be detected and possibly
quantified by NMR imaging. The ability of NMR imaging
to measure right and left ventricularvolumessimultaneously
should be advantageous for that purpose. Measuring right
ventricular volume by noninvasive approaches is difficult
and could represent another important application for NMR
imaging. Our technique of measuring volumes with NMR
imaging could also be easily applied to the measurement of
atrial size.
This study shows that NMR imaging is potentially a very
accurate technique for measuring ventricular volumes.
However, its accuracy is diminished by current technical
limitations related to residual motion in spite of gating and
to suboptimal sampling rate. Problems associated with en-
docardial definition and valvular plane localization are mostly
related to the small size of the dog heart and should be of
less concern when NMR imaging volumes are measured in
the adult human.
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